Purpose Survival of neonatal and pediatric patients undergoing extracorporeal membrane oxygenation (ECMO) ≥ 21 days has not been well described. We hypothesized that patients would have poor survival and increased long-term complications. Methods Retrospective, single center, review and case analysis. Tertiary-care university children's hospital including neonatal, pediatric and cardiac intensive care units. After institutional review board approval, the charts of all patients < 18 years of age undergoing ECMO for ≥ 21 continuous days were performed, and they were compared to comparative patients undergoing shorter runs. Overall survival, incidence of complications, and post-discharge recovery were recorded. Results Overall survival was 36% in patients undergoing ≥ 21 days of ECMO (N = 14). 5/8 patients with cardiopulmonary failure from acquired etiologies survived versus 0/6 patients with congenital anomalies. 1/5 survivors achieved complete recovery with no neurologic deficits. The remaining survivors suffer from multiple medical and neurodevelopmental morbidities. Conclusion ECMO support for ≥ 21 days is associated with poor survival, particularly in neonates with congenital anomalies. Long-term outcomes for survivors ought to be carefully weighed and discussed with parents given the high incidence of neurologic morbidities in this population.
Introduction
Extracorporeal membrane oxygenation (ECMO) is a form of cardiopulmonary bypass used as a rescue intervention in patients with a high mortality index. It can lead to increased survival in neonates and children with certain, reversible respiratory and cardiac conditions; however, it is not without risks [1, 2] . Adverse events include poor neurodevelopmental outcomes and chronic lung disease [3, 4] . Durations of greater than 21 days of ECMO therapy are generally considered to be "long-run". The use of "long-run" ECMO for > 21 days is controversial in some centers and is thought to be associated with increased morbidity and decreased survival [5] [6] [7] . However, studies analyzing results and outcomes of patients in this subset are lacking. Moreover, in the case of prolonged ECMO there are ethical dilemmas regarding when to continue offering extracorporeal life support, and when to withdraw it [8] [9] [10] [11] . The broad range of ethical issues associated with this include the concepts of uncertainty in clinical judgment, informed consent, medical futility and moral distress. Herein, we review all cases of long-run neonatal and pediatric ECMO from the past 10-years in a single center free-standing children's hospital. Our goals are to: (1) describe the survival rates of long-run ECMO, (2) evaluate long term morbidities, and (3) discuss the associated ethical issues surrounding the use of prolonged ECMO therapy.
Materials and methods

Subject search
Following institutional review board approval institutional data for patients from birth to 18 years of age requiring ECMO at Ann & Robert H. Lurie Children's Hospital from 2007 to 2017 were reviewed. Subjects of the study were selected using CPT Codes and ICD-9 codes (ICD-9 39.65, CPT 36822, 33960, 33961). Patients undergoing ≥ 21 days of ECMO were identified as having more than 20 institutional procedure billing code 9131000 for daily ECMO services. We identified patients undergoing shorter runs (< 14 days and 14-20 days of ECMO) using similar strategy. Exclusion criteria included patients with diagnosis codes only but incomplete electronic medical records, and patients undergoing non-continuous days of ECMO were counted as separate runs, not additive durations.
Data collection
For each patient, we analyzed demographics, pre-existing comorbidities, medical insurance, estimated gestational age, age at the initiation of ECMO, ECMO duration, type of ECMO cannulation, procedural year, indication for ECMO support, and rationale for prolonging and discontinuing ECMO. Primary outcome was survival to hospital discharge as a surrogate marker of overall mortality. Survival to current date and post-ECMO follow-up duration were recorded. Secondary outcome measures included length of stay (LOS), medical comorbidities, ventilator dependence, and neurologic outcomes including intracranial hemorrhage, ischemic strokes, learning disability, developmental delays, sensory and motor dysfunction, and epilepsy. Patient electronic medical records were reviewed individually by two observers, with discussion and agreement on relevant data by a third investigator.
Statistical analysis
Included subjects were grouped as survivors versus non-survivors for data analysis. Categorical variables were compared using Fisher's exact test for statistical significance at the level of p < 0.05 (SAS v9.4). Secondary outcomes are reported as observation without statistical analysis given low number of overall survivors.
Results
Demographics
Fourteen patients met study criteria and were included in the analysis, nine (64%) were male. Five were white (36%), seven black (50%), and two (14%) were of Hispanic ethnicity. The primary payer was commercial insurance in seven and government in the other seven. The mean age at the time of ECMO initiation was 1.5 ± 2.2 years, with half of the patients being less than 90 days old. The mean estimated gestational age was 39.2 ± 1.0 weeks with only one premature neonate, born at 24 weeks.
Overall survival
The overall survival for patients undergoing prolonged ECMO runs for ≥ 21 days was 36%. The clinical case details of the five survivors can be found in Table 1 . Survival was 72% (N = 141) for patients undergoing < 14 days of ECMO and 50% for 14-20 days (N = 20), as shown in Fig. 1 . Patients initiated on ECMO at an older age (> 90 days) had higher rates of survival (Fig. 2) . Only 1 of 7 (14%) patients younger than 90 days old survived to hospital discharge versus 4 of 7 (57%) patients older than 90 days old. Furthermore, all patients that survived to hospital discharge are still alive today, with a mean survival time of 4.4 ± 2.9 years.
Differences in survival for patients on ECMO ≥ 21 days were analyzed based on various indications for ECMO (Fig. 3) . A total of 5/8 patients (62%) with cardiopulmonary failure from acquired etiologies (e.g., pneumonia, fulminant myocarditis) survived compared to 0/6 survivors from patients with congenital conditions (e.g., hypoplastic left heart syndrome, congenital diaphragmatic hernia). A higher proportion of patients with acquired cardiac failure survived (2/2) compared to those with acquired etiologies for pulmonary failure (3/6). In our reference group undergoing 14-20 days of ECMO, 5/6 survivors had acquired etiologies of cardiopulmonary failure versus 5/14 with congenital conditions. When looking at all ECMO runs ≥ 14 days, there was worse survival in patients with congenital pulmonary conditions (2/12) versus acquired ones (7/10). Additionally, the rates of survival for patients on ECMO ≥ 21 days for organ recovery versus organ replacement were similar (36% versus 33%). For patients with 14-20 days of ECMO, 15/20 patients were initiated for organ recovery versus 5/20 for organ replacement. The organ recovery patients had lower survival rates (40%) than the organ replacement patients (80%). Figure 4 shows a Kaplan-Meier survival curve for the patients undergoing ECMO for organ recovery versus organ replacement.
The indication for discontinuing ECMO support was predictive of survival. All of the patients decannulated after a successful and progressive wean from ECMO support survived. On the contrary, five patients decannulated after attempted wean because of prolonged duration and two patients with circuit complications (i.e., severe bleeding or circuit thrombosis) did not survive.
There was no difference in survival between patients on veno-veno (VV) ECMO versus veno-arterial (VA) support, 
Survivor morbidities
Medical and neurologic outcomes of the 5 survivors are detailed in Table 2 . The longest survival duration to date is 8 years. Three of five patients had intracranial hemorrhages (ICH) while on the ECMO circuit and 2 of 5 had ischemic strokes with residual hemiparesis. Moreover, 4 of the 5 patients have impaired ambulation secondary to severe contractures requiring serial interventions/bracing or amputation. A majority of patients (3/5) experienced significant developmental delay or learning disabilities. Only one of the five survivors, who was older at the time of ECMO and had an acquired pulmonary indication, had an intact survival from the standpoint of medical and neurologic disabilities. Survivor morbidities were less severe in patients undergoing shorter ECMO runs of 14-20 days. Of the 10 
Percent of Patients
Dead
Alive survivors, five were intact from medical or neurologic disabilities. Three of the other five have an isolated medical problem: epilepsy (well-controlled), an upper extremity radial amputation for ischemia after cannulation, and feeding tube dependence for food aversion. One survivor has seizures, learning delay, and mild contractures but ambulates independently. Finally, one patient, who was at baseline dependent on ventilator support and tube feeds with hypotonia of prematurity, now has global developmental delay, hemiparesis, and is non-verbal post-ECMO.
Of the 14 patients on ECMO for ≥ 21 days, nine did not survive. Three of the non-survivors were patients with congenital diaphragmatic hernias (CDH). One of them developed disseminated intravascular coagulation (DIC) with ICH and had to be decannulated on day of life 32. One had a circuit thrombosis on ECMO day 21 and was decannulated. He also had evidence of ICH and seizures on ECMO. The third patient had CDH repair while on ECMO as an attempt to wean him off the circuit on day 23, but succumbed to pulmonary hypertension. There were two patients with hypoplastic left heart syndrome, ages 6 months and 3 years, who were on ECMO awaiting donor heart for transplant. One of them had systemic hemorrhagic complications and circuit thrombosis on ECMO day 24, and the other one decompensated acutely on ECMO day 24 and developed multi-organ failure. Other patients had persistent pulmonary hypertension of the newborn, bronchopulmonary dysplasia complicated by bacterial pneumonia (age 14 months), and adenovirus pneumonia in a newborn, and respiratory syncytial virus (RSV) with bacterial superinfection. Ultimately, care was withdrawn for futility of medical treatment.
Discussion
ECMO is a life-sustaining and life-saving therapy for neonates and children with reversible cardiopulmonary failure. Although the majority of patients requiring ECMO are neonates and children and have ECMO runs of less than 200 h [12] , a subset of patients are on ECMO for longer periods of time. Fortunately, the majority of patients undergoing ECMO at our institution do not require a prolonged course. However, in those that do, the outcomes and survival appear to be significantly worse after 21 days of ECMO therapy. Even with advancements in circuit management, both the overall outcomes and ECMO-related complications remain unchanged. Therefore, patient outcomes do not directly correlate with improvements in circuit management. Furthermore, patient outcomes are certainly affected by both baseline underlying disease and specific ECMO-related complications, although the weight of these factors is difficult to determine. In our study, we identified five long term survivors with a high association of post-ECMO major morbidity, resulting in a need for life-long ongoing medical and supportive care. Although, there are recognized indications for an extended use of ECMO, such as a bridge to cardiac or pulmonary transplant [13, 14] other reasons to prolong ECMO duration (in the hope of clinical improvement) are less well defined. This uncertainty, coupled with a paucity of data regarding survivor outcomes contribute to ethical issues for both parents and health care providers. Although this study did not measure parental or provider attitudes, discrepancies in patient outcomes identify the need to consider ethical issues particular to long-run pediatric ECMO.
Initiation of ECMO is frequently considered emergent and initiated quickly. The clinical situation is typically of high acuity, and proceeding with ECMO is time sensitive. ECMO is often described as the "last hope" to sustain a critically ill child, who would otherwise almost certainly die without it. ECMO is considered when the mortality risk approaches 50% and indicated when the risk is in excess of 80% [15] . A health care provider's focus on the technical aspects of, "can we safely put this child onto ECMO" may outweigh the discussion of whether ECMO should be offered. Furthermore, an informed discussion regarding the end points of ECMO may be lacking. As surgeons, we may focus our discussion on the need to decannulate due to a major hemorrhagic event, or on the anticipation of clinical improvement meriting decannulation. However, the case of the child who fails to improve, but also maintains themselves adequately well for a prolonged period on the circuit may not be discussed in detail, or at all. Beauchamp listed five key elements of informed consent: Disclosure, comprehension, voluntariness, competence and consent [16] . Complete fulfillment of each of these elements is unlikely during an emotionally charged, time harried situation. There is rarely time for a prolonged conversation with the patient's family members, and not all invested parties may be present at the initial discussion. The exception is when a conversation regarding a potential need for ECMO is discussed prenatally, as for example, in the case of a fetus with a congenital diaphragmatic hernia and poor prognostic signs on prenatal imaging. Despite the recognized difficulties of adequate informed consent in emergent situations [17] [18] [19] , health care providers should attempt to provide a succinct, understandable, and balanced review of the pertinent indications, benefits, alternatives, and associated risks and outcomes. Others have also suggested the early involvement of palliative care services to facilitate the needs of patients and their families during ECMO [20] .
Removing a child from a circuit because of perceived futility is an especially difficult ethical dilemma for all involved. Defining futility is challenging, and universal agreement may be lacking among health care providers and clinical teams. The use of the term "futility" has been a topic of contentious debate among medical ethicists. In a statement from the Society of Critical Care Medical Ethics Committee, they define a medical intervention as, "considered inappropriate when there is no reasonable expectation that the patient will improve sufficiently to survive outside the acute care setting, or when there is no reasonable expectation that the patient's neurologic function will improve sufficiently to allow the patient to perceive the benefits of treatment" [21] . Whilst appearing to define clinical futility, the elements of clinical judgement and uncertainty remain. Not all persons may exhibit the same clinical judgement or have the same conclusions regarding the anticipated medical outcome. For example, the surgical team may determine that maintaining a child for greater than 21 days on venous arterial ECMO is futile, especially when prior clamp trials have failed and the patient exhibits minimal to no clinical improvement. Decannulation may be recommended, and death anticipated. Whereas the pediatric intensivist service may feel that there have been some clinical signs that portend improvement and warrant further ECMO support despite the failures described. When there is discord between clinical teams, or health care providers and parents moral distress may be experienced. Moral distress arises when difficult decisions are made in troubling situations [22] . The surgical group experiences moral distress because they believe that further support with ECMO is futile and that they are prolonging the child's suffering and extending false hope to the family regarding chances of survival. The intensivists experience moral distress because they feel that decannulation driven by concerns regarding ECMO duration, do not provide the child with a "fair chance" and that decannulation at this time may be "giving up" prematurely. By providing a more thorough analysis of the data of prolonged ECMO and its outcomes, we will be better able to predict likely endpoints. Although judgement in the face of clinical uncertainty will remain, the probability of making a correct assumption will be heightened. This may allow more harmonious clinical decision making and lessen moral distress for those involved.
Our study is limited by the number of patients identified in a single center review. However, the general trends identified particular patient groups at especially high risk of a poor outcome during a prolonged ECMO run. Future studies using larger database queries, such as the Extracorporeal Life Support Organization (ELSO) database, are warranted to support changes in current practice. Other authors have shown similar trends, though the detailing of long-term neurodevelopmental outcomes and medical morbidities of prolonged ECMO was unique of our study [23] .
Conclusions
The high incidence of long term morbidity rates in those individuals who had an ECMO run time of greater than 21 days is concerning, and this information is valuable to provide counsel to parents of children with anticipated long-run ECMO. A larger ELSO database study would be beneficial to improve the power of this study and determine the impact of long-run ECMO on patient survival and outcomes nationally.
